Introduction {#s1}
============

Cyclic adenosine monophosphate (cAMP) is a potent second messenger that plays an important role in cellular responses to extracellular signals to regulate a wide array of biological processes. In the nervous system, cAMP has been implicated in controlling axon guidance, axonal regeneration, sensory function, learning and memory [@pgen.1003831-Song1]--[@pgen.1003831-Silva1]. cAMP signaling is also critical for the execution of rhythmic physiological processes such as heart beating and circadian rhythm in a variety of organisms [@pgen.1003831-Mahoney1]--[@pgen.1003831-Hell1]. However, the mechanism by which cAMP controls rhythmic outputs remains unclear.

cAMP is synthesized by adenylyl cyclases (ACs), which are activated by G protein-coupled receptors (GPCRs) that are coupled to the heterotrimeric G protein α subunit, Gαs [@pgen.1003831-SassoneCorsi1]. Work in a variety of cell types has shown that cAMP has three major molecular targets: cyclic nucleotide-gated (CNG) channels, exchange proteins directly activated by cAMP (Epac) and cAMP-dependent protein kinase (PKA) ([Figure 1A](#pgen-1003831-g001){ref-type="fig"} and [@pgen.1003831-SassoneCorsi1]). CNG channels are non-selective cation channels that are critical for the excitability of certain sensory neurons [@pgen.1003831-Kaupp1]. Epac proteins are guanine exchange factors for the small G protein Rap, and have been shown to regulate cardiac function and insulin secretion [@pgen.1003831-Gloerich1]. PKA is a conserved serine/threonine kinase that has been implicated in a wide array of biological processes, including cell growth, neural function, cell differentiation and metabolism [@pgen.1003831-Skalhegg1]. In neurons and neurosecretory cells, PKA regulates the release of neurotransmitter and neuropeptides [@pgen.1003831-Seino1]. PKA activity has also been implicated in the execution of rhythmic behaviors, such as sleep and circadian locomotor activity in the fly [@pgen.1003831-Majercak1], [@pgen.1003831-Joiner1].

![PKA activity is essential for the Exp step.\
(A) Diagram of the NLP-40-AEX-2/GPCR peptidergic signaling pathway acting in the GABAergic neurons that controls rhythmic release of GABA during the enteric muscle contraction (Exp) step of the defecation motor program. The potential cAMP targets in this peptidergic pathway are indicated. The PKA holoenzyme is a tetramer with two regulatory subunits (R) and two catalytic subunits (C). (B) Quantification of the Exp step in young adult worms with the indicated genotypes. "Exp per cycle" is defined as the average of the ratio of Exp to pBoc. (C) Representative ethograms of ten consecutive defecation cycles of young adult worms with the indicated genotypes. The *kin-1* mosaic represents constipated worms segregated from the strain DG3393: *kin-1(ok338)* I; *tnEx109*. Each dot represents 1 s. "p" stands for the pBoc step and "x" indicates the Exp step. aBoc is omitted. Means and standard errors are shown. Asterisks (\*\*\*) indicate significant difference from wild type: p\<0.005 in Student\'s t-test.](pgen.1003831.g001){#pgen-1003831-g001}

PKA phosphorylates many substrates in excitable cells. For example, in cardiac muscles, PKA phosphorylates the ryanodine receptor and the L-type calcium channel to regulate heart beating [@pgen.1003831-Hell1], [@pgen.1003831-Reiken1]. In neurons, several synaptic proteins, such as RIM-1α, synapsin and tomosyn are reported as PKA substrates that regulate neurotransmitter release [@pgen.1003831-Seino1], [@pgen.1003831-Baba1]. In addition, it has been shown that PKA can phosphorylate calcium channels in hippocampal neurons, which may account for PKA-dependent modulation of neurotransmitter release and gene expression [@pgen.1003831-Hell2]. However, it is unclear how PKA impacts the physiology of neurons to regulate rhythmic behavioral outputs.

The *C. elegans* defecation motor program is a simple rhythmic behavior that occurs about every 50 seconds [@pgen.1003831-Thomas1]. Each cycle contains three sequential muscle contractions: the posterior body wall muscle contraction (pBoc), anterior body wall muscle contraction (aBoc), and enteric muscle contraction (Exp, which leads to the expulsion of the gut contents). The period of the defecation cycle is controlled by a pacemaker in the intestine, and the Exp step is initiated by the release of a neuropeptide-like protein NLP-40 from the intestine. NLP-40 instructs the excitation of a pair of GABAergic neurons (AVL and DVB), which in turn release the neurotransmitter GABA to trigger the Exp step [@pgen.1003831-Beg1]--[@pgen.1003831-Wang1]. NLP-40 activates the GPCR AEX-2 on the GABAergic neurons, which is coupled to the heterotrimeric G protein α subunit GSA-1/Gαs, leading to the activation of adenylyl cyclase and the production of cAMP [@pgen.1003831-Mahoney1], [@pgen.1003831-Wang1]. However, the molecular targets of cAMP in the GABAergic neurons are not known and how cAMP signaling impacts GABA release to mediate the Exp step is unclear.

In this study, we find that KIN-1, the *C. elegans* homolog of the PKA catalytic subunit, is essential for the rhythmic contraction of enteric muscles. By genetically manipulating the activity of PKA specifically in the GABAergic neurons, we establish that PKA is the downstream target of cAMP in the peptidergic signaling pathway that controls enteric muscle contraction. Furthermore, using in vivo calcium imaging, we find that PKA activates the DVB neuron by promoting calcium influx at presynaptic terminals, and that the voltage-gated calcium channels, UNC-2 and EGL-19, partially mediate PKA-dependent calcium influx. Thus, our results suggest that PKA signaling can control rhythmic behaviors by regulating presynaptic calcium entry.

Results {#s2}
=======

PKA regulates the Exp step {#s2a}
--------------------------

To identify cAMP effectors that mediate enteric muscle contraction, we first examined *C. elegans* mutant worms of putative cAMP targets for defects in the Exp step. The *C. elegans* genome encodes six CNG channels: *cng-1*, *cng-2*, *cng-3*, *cng-4/che-6*, *tax-2* and *tax-4* [@pgen.1003831-Bargmann1], some of which have well characterized roles in sensory transduction [@pgen.1003831-Kaupp1], whereas the functions of the other channels are largely unknown. Putative null or loss-of-function mutations in any of these CNGs caused no obvious defects in the defecation motor program period or in the execution of pBoc or Exp ([Figure 1B](#pgen-1003831-g001){ref-type="fig"} and data not shown). The *C. elegans* genome encodes a single Epac homolog, *epac-1*. Putative null *epac-1* mutants had no defects in the defecation motor program, including in the Exp step ([Figure 1B](#pgen-1003831-g001){ref-type="fig"} and data not shown). Thus, CNG channels and Epac are unlikely to be the cAMP targets that control the execution of the Exp step.

The PKA catalytic subunit is encoded by a single gene, *kin-1*, in *C. elegans*. *kin-1(ok338)* loss-of-function mutants, which contain a 763 bp deletion in *kin-1* that removes part of the catalytic domain, die during embryogenesis. The lethality of *kin-1(ok338)* animals can be partially rescued by mosaic expression of wild type *kin-1* transgenes [@pgen.1003831-Kim1]. We found that a fraction of mosaic *kin-1(ok338)* animals that survive to adulthood had distended intestinal lumens indicative of constipation. These animals lacked the Exp step in nearly all defecation cycles but both execution of pBoc and cycle length were normal ([Figure 1B and 1C](#pgen-1003831-g001){ref-type="fig"} and data not shown). The Exp defects seen in constipated *kin-1* mosaic worms were almost identical to those of animals lacking *nlp-40 or aex-2/GPCR*, which are components of the peptidergic signaling pathway that activates the GABAergic neurons ([Figure 1B and 1C](#pgen-1003831-g001){ref-type="fig"} and [@pgen.1003831-Wang1]). Taken together, we conclude that PKA activity is absolutely required for the generation of rhythmic enteric muscle contractions and that PKA is likely to be a major, if not the only, downstream target of cAMP during the Exp step of the defecation motor program.

PKA functions in GABAergic neurons to promote the Exp step {#s2b}
----------------------------------------------------------

To determine whether PKA functions in GABAergic neurons to control the Exp step, we generated worms expressing dominant negative PKA transgenes specifically in these neurons. The PKA holoenzyme is a tetramer composed of two regulatory (R) subunits and two catalytic (C) subunits ([Figure 1A](#pgen-1003831-g001){ref-type="fig"}). When cAMP levels are low, R subunits bind to and inhibit the activity of C subunits; when cAMP levels increase, two cAMP molecules bind to each of the R subunits at two distinct sites (site A and site B), leading to the dissociation of the PKA holoenzyme and activation of the C subunits [@pgen.1003831-Skalhegg1]. It has been shown that a single amino acid substitution (G324D) in site B of the mouse regulatory subunit (RIα) abolishes cAMP binding and prevents the dissociation of the PKA holoenzyme in vitro [@pgen.1003831-Correll1]. Expression of this mutant R subunit in mice generates a dominant negative effect on PKA activity in vivo [@pgen.1003831-Willis1]. *kin-2* encodes the sole R subunit in *C. elegans*, and KIN-2 shares 74% overall sequence similarity with mouse RIα, and 97% similarity in the cAMP binding sites ([Figure S1](#pgen.1003831.s001){ref-type="supplementary-material"}). We mutated the corresponding Gly residue to Asp (G310D) in the B site of the KIN-2a isoform (referred to as PKA\[DN\], [Figure 2A](#pgen-1003831-g002){ref-type="fig"} and [S1](#pgen.1003831.s001){ref-type="supplementary-material"}) and expressed this construct specifically in GABAergic motor neurons (using the full length *unc-47* promoter) [@pgen.1003831-Mahoney1], [@pgen.1003831-Wang1]. Two independently generated PKA\[DN\] transgenic lines (*vjIs76* and *vjIs77*) displayed distended intestinal lumens, and dramatically reduced cycles in which Exp occurred ([Figure 2B and 2D](#pgen-1003831-g002){ref-type="fig"} and data not shown). This phenotype was similar to, but not as severe as that of the mosaic *kin-1* mutants, likely due to variable expression of the *unc-47* promoter in DVB neurons (data not shown). Thus, PKA activity is required in GABAergic neurons to promote the Exp step.

![PKA functions in GABAergic neurons to regulate the Exp step.\
(A) Diagram showing the construction of dominant negative PKA (PKA\[DN\]). "R" and "C" indicate the PKA regulatory and catalytic subunit, respectively. "x" represents the substitution (G310D) in the site B of the regulatory subunit KIN-2a, which presumably blocks cAMP binding and prevents its dissociation with PKA catalytic subunit. (B) and (C) Quantification of the Exp step of young adults with the indicated genotypes. PKA\[DN\] denotes PKA dominant negative transgenic worms (*vjIs76* and *vjIs77*) in which the mutated regulatory subunit *kin-2a*(G310D) was expressed specifically in GABAergic neurons using *unc-47* full length promoter. *gsa-1(gf)* is a gain-of-function allele (*ce81)* of *gsa-1*/Gαs. (D) Representative ethograms of ten consecutive defecation cycles of young adult worms with the indicated genotypes. *vjIs77* is used for PKA\[DN\] in (D). Each dot represents 1 s. "p" stands for the pBoc step and "x" indicates the Exp step. aBoc is omitted. Means and standard errors are shown. Asterisks (\*\*\*) indicate significant difference from wild type in (B) and *gas-1(gf)/Gas* in (C): p\<0.005 in Student\'s t-test. "n.s." indicates no significant difference between indicated groups.](pgen.1003831.g002){#pgen-1003831-g002}

PKA acts downstream of Gαs in the NLP-40-AEX-2/GPCR peptidergic signaling pathway {#s2c}
---------------------------------------------------------------------------------

To determine whether PKA functions in the peptidergic signaling pathway activated in the GABAergic neurons that control the Exp step, we examined whether PKA\[DN\] transgenes could block Exp in animals in which this pathway is constitutively active. *gsa-1/*Gαs gain-of-function (*gsa-1(gf)*) mutations restore Exp to *aex-2*/GPCR mutants, consistent with a role for *gsa-1/*Gαs downstream of *aex-2*/GPCR [@pgen.1003831-Mahoney1]. However, *gsa-1(gf)* mutations failed to restore Exp to animals expressing PKA\[DN\] ([Figure 2C and 2D](#pgen-1003831-g002){ref-type="fig"}). These data show that the effects of the AEX-2/GPCR peptidergic signaling pathway on Exp are dependent on PKA in the GABAergic neurons. For reasons that are unclear, the *gsa-1(ce81); PKA\[DN\]* double mutants had a slightly shorter cycle length compared with either single mutant ([Figure 2D](#pgen-1003831-g002){ref-type="fig"} and data not shown).

To independently confirm that PKA functions in the AEX-2/GPCR peptidergic signaling pathway to regulate the Exp step, we generated a constitutively active *kin-1*/PKA variant (referred to as PKA\[CA\]) and examined whether PKA\[CA\] transgenes could bypass the requirement of *nlp-40* or *aex-2*/GPCR. The His87 and Trp196 residues in the mouse PKA catalytic α subunit lie at the interface between the R and C subunits and are necessary for the interaction between them [@pgen.1003831-Kim2]. H87Q, W196R substitutions disrupt this interaction resulting in a constitutively active catalytic subunit that increases PKA activity in vivo [@pgen.1003831-Li1], [@pgen.1003831-Orellana1]. The *C. elegans* KIN-1a isoform shares 91% amino acid identity with the mouse PKA catalytic α subunit ([Figure S2](#pgen.1003831.s002){ref-type="supplementary-material"}). We made the corresponding substitutions in the KIN-1a isoform (H96Q, W205R) ([Figure 3A](#pgen-1003831-g003){ref-type="fig"} and [S2](#pgen.1003831.s002){ref-type="supplementary-material"}), and generated two independent transgenic lines (*vjIs102* and *vjIs103*) expressing KIN-1a(H96Q, W205R) specifically in GABAergic neurons (using the full length *unc-47* promoter).

![Constitutively active PKA in GABAergic neurons partially bypasses the requirement of AEX-2/GPCR.\
(A) Diagram showing the construction of the constitutively active PKA (PKA\[CA\]). "R" and "C" indicate the PKA regulatory and catalytic subunit, respectively. The two asterisks (\*) represent the two mutations (H96Q, W205R) in the PKA catalytic subunit KIN-1a, which presumably disrupt its association with the regulatory subunit but do not affect its enzymatic activity. (B) Quantification of the Exp step of young adults with the indicated genotypes. PKA\[CA\] denotes PKA constitutively active transgenic worms (*vjIs102* and *vjIs103*) expressing the mutated catalytic subunit *kin-1a*(H96Q, W205R) in the GABAergic neurons using the *unc-47* full length promoter. *vjIs103* and *vjIs77* were used for the PKA\[CA\];PKA\[DN\] strain. (C) Representative ethograms of ten consecutive defecation cycles of young adult worms with the indicated genotypes. Each dot represents 1 s. "p" stands for the pBoc step and "x" indicates the Exp step. Ectopic Exp steps are indicated by "[x]{.ul}". Means and standard errors are shown. Asterisks indicate significant differences between indicated groups: \*\* P\<0.01, \*\*\* P\<0.005 in Student\'s t-test.](pgen.1003831.g003){#pgen-1003831-g003}

Several pieces of evidence support the notion that PKA\[CA\] transgenes confer constitutive PKA activity. First, animals expressing PKA\[CA\] transgenes had grossly normal defecation motor programs ([Figure 3B and 3C](#pgen-1003831-g003){ref-type="fig"}) but occasionally displayed "ectopic" Exp following normal Exp steps (4 out of 100 cycles in *vjIs102* and 10 out of 100 cycles *vjIs103*. p = 0.11 and 0.03, respectively, n = 10, one tail t-test, compared to wild type) ([Figure 3C](#pgen-1003831-g003){ref-type="fig"}). Ectopic Exp steps were also observed in *kin-2(ce179)* mutants (5 out of 100 cycles, p = 0.09, n = 10), which carry a mutation in the PKA regulatory subunit that is predicted to increase PKA catalytic activity [@pgen.1003831-Schade1]. Second, ectopic Exp steps are also observed in *gsa-1/*Gαs gain-of-function mutants, which mimic constitutive peptidergic activation of the pathway in GABAergic neurons [@pgen.1003831-Mahoney1]. Finally, PKA\[CA\] transgenes completely suppressed the Exp defects caused by PKA\[DN\] expression ([Figure 3B and 3C](#pgen-1003831-g003){ref-type="fig"}), demonstrating that PKA\[CA\] is not inhibited by the PKA regulatory subunit.

We found that PKA\[CA\] transgenes partially restored Exp to *aex-2*/GPCR and *nlp-40* mutants ([Figure 3B, 3C](#pgen-1003831-g003){ref-type="fig"}, and [S3](#pgen.1003831.s003){ref-type="supplementary-material"}). Similarly, *kin-2* loss-of-function mutations restored Exp to *nlp-40* mutants to a similar extent as PKA\[CA\] transgenes ([Figure S3](#pgen.1003831.s003){ref-type="supplementary-material"}). Constitutively active *acy-1*/adenylyl cyclase transgenes in GABAergic neurons have also been reported to partially rescue the Exp defects of *aex-2*/GPCR mutants [@pgen.1003831-Mahoney1]. Taken together, these results are consistent with the idea that cAMP generated by the NLP-40-AEX-2/GPCR peptidergic signaling pathway in the GABAergic neurons activates PKA, which drives Exp by promoting GABA release.

PKA regulates rhythmic calcium influx in the DVB neuron {#s2d}
-------------------------------------------------------

We previously found that during the defecation motor program, the axons of DVB neurons display robust, rapid calcium transients that peak just before each Exp step, suggesting that rhythmic presynaptic calcium influx in DVB drives rhythmic GABA release from DVB neurons. Using a genetically-encoded calcium indicator, GCaMP3 [@pgen.1003831-Tian1], we found that fluorescent spikes in DVB axons began about 3 seconds following the pBoc step, reached maximal intensity about 1 second later (immediately before each Exp step), and returned to baseline within 2 seconds ([Figure 4A, 4B and 4C](#pgen-1003831-g004){ref-type="fig"} and [Video S1](#pgen.1003831.s005){ref-type="supplementary-material"} and [@pgen.1003831-Wang1]). In most cases, calcium transients appeared to initiate in the synaptic region of DVB neurons and often would spread along the axon to the cell body. In wild type animals the "normal" pattern of pBoc-calcium transient-Exp was highly reproducible, occurring 100% of the time (23 cycles, 11 animals, [Figure 4C and 4D](#pgen-1003831-g004){ref-type="fig"}). In mutants lacking *aex-2/*GPCR, only about 9% of cycles adopted a normal pattern (4 out of 44 cycles, 11 animals), and the remaining 91% of cycles lacked both the calcium transients and Exp (40 out of 44 cycles, 11 animals, [Figure 4C and 4D](#pgen-1003831-g004){ref-type="fig"} and [Video S2](#pgen.1003831.s006){ref-type="supplementary-material"}). In contrast, in *unc-25* mutants, which lack the GABA biosynthetic enzyme glutamic acid decarboxylase (GAD) [@pgen.1003831-Jin1], most of the cycles without Exp steps still produced a calcium spike (31 out of 33 cycles without Exp, 11 animals, [Figure 4C and 4D](#pgen-1003831-g004){ref-type="fig"} and [Video S3](#pgen.1003831.s007){ref-type="supplementary-material"}). These results show that the generation of calcium transients is dependent on the peptidergic signaling pathway but occurs independently of GABA release from DVB neurons, and are consistent with the idea that the calcium spikes in the synaptic region of DVB neurons drive the Exp step by triggering GABA release.

![PKA is necessary for calcium influx in DVB neurons.\
(A) Expression of the genetically-encoded calcium indicator, GCaMP3 in DVB neurons (*vjIs58*). Top: diagram of the DVB neuron in the tail region. Synapse means the neuromuscular junction where the DVB neuron innervates enteric muscles. Middle and Bottom: two snapshots from a real-time imaging video of wild type animals showing an increase in fluorescence in synaptic region of DVB neurons, as indicated by the white arrow, right before the Exp step. (B) A representative trace of the GCaMP3 fluorescence in the synaptic region of DVB neurons in wild type animals showing DVB neurons are rhythmically activated during three consecutive defecation cycles. Note that the cycle length is longer than 50 seconds, likely due to *unc-13(s69)* mutation, which was used to immobilize the worms for calcium imaging (See [Materials and Methods](#s4){ref-type="sec"} for details). (C) Representative traces of the GCaMP3 fluorescence in the synaptic region of DVB neurons in worms with the indicated genotypes. The observed pBoc step and Exp step are indicated by arrows and arrowheads, respectively. (D) Classification of the different patterns of pBoc, fluorescent spikes in DVB and Exp in worms with the indicated genotypes. *vjIs76* was used for the PKA\[DN\] strain. In (D), wild type: 23 cycles in 11 animals; *unc-25*: 44 cycles in 11 animals; *aex-2*: 44 cycles in 11 animals; PKA\[DN\]: 30 cycles in 12 animals.](pgen.1003831.g004){#pgen-1003831-g004}

Our behavioral results show that PKA activity may be necessary and sufficient for GABA release from the GABAergic neurons. In principal, PKA could control GABA release directly by acting on the synaptic vesicle machinery at presynaptic terminals or indirectly by regulating the excitability of the GABAergic neurons. To distinguish between these two possibilities, we examined whether PKA\[DN\] or PKA\[CA\] transgenes impacted GCaMP3 fluorescence spikes in DVB neurons during the defecation motor program. PKA\[DN\] transgenes produced a calcium pattern that was similar to that observed in *aex-2/*GPCR mutants: 80% of cycles lacked both calcium transients and the Exp steps (31 cycles, 12 animals, [Figure 4C and 4D](#pgen-1003831-g004){ref-type="fig"} and [Video S4](#pgen.1003831.s008){ref-type="supplementary-material"}). On the other hand, PKA\[CA\] transgenes caused "ectopic" fluorescent transients in DVB neurons, which occurred once or twice in between cycles on average (22 regular calcium spikes and 26 ectopic calcium spikes observed during 24 cycles, 11 animals, [Figure 5A, 5B and 5C](#pgen-1003831-g005){ref-type="fig"} and [Video S6](#pgen.1003831.s010){ref-type="supplementary-material"}). These "ectopic" fluorescent transients were occasionally associated with an ectopic Exp (6 out of the 26 ectopic calcium spikes, 11 animals, see [Discussion](#s3){ref-type="sec"}). The duration of both the "normal" and "ectopic" fluorescent transients in PKA\[CA\] transgenic animals was significantly longer compared to wild type controls ([Figure 5D](#pgen-1003831-g005){ref-type="fig"} and [Video S5](#pgen.1003831.s009){ref-type="supplementary-material"} and [S6](#pgen.1003831.s010){ref-type="supplementary-material"}). However, the amplitude of calcium transients was not significantly different ([Figure 5E](#pgen-1003831-g005){ref-type="fig"}, wild type: ΔF/F~0~ = 1.83±0.17, n = 30; PKA\[CA\]: normal calcium transients ΔF/F~0~ = 2.37±0.22, n = 21, p = 0.06; ectopic calcium transients, ΔF/F~0~ = 2.08±0.22, n = 26, p = 0.39, two tail t-test, compared to wild type). Taken together, we conclude that PKA is essential for the generation of calcium transients in DVB neurons during the defecation cycle. In addition, PKA activity is sufficient to generate calcium transients and may positively regulate the duration but not the amplitude of calcium transients.

![Constitutively active PKA causes ectopic calcium spikes in DVB neurons and increases calcium spike duration.\
(A) A representative trace of the GCaMP3 fluorescence in the synaptic region of DVB neurons in transgenic worms expressing PKA\[CA\] (*vjIs102*) during two consecutive defecation cycles. An ectopic calcium spike in DVB neurons was observed, as indicated by the bracket. Note that the cycle length is longer than 50 seconds, likely due to *unc-13(s69)* mutation, which was used to immobilize the worms for calcium imaging (See [Materials and Methods](#s4){ref-type="sec"} for details). (B) Representative traces of the GCaMP3 fluorescence in the synaptic region of DVB neurons in worms with the indicated genotypes. The observed pBoc step and Exp step are indicated by arrows and arrowheads, respectively. (C) Average frequency of ectopic calcium spikes in DVB neurons during a 250-second imaging period in wild type animals (0.0±0.00 events per 250 seconds, n = 10 animals) and *vjIs102* (2.4±0.69 events per 250 seconds, n = 11 animals). (D) and (E) the duration and amplitude of regular DVB calcium spikes and ectopic calcium spikes in wild type and PKA\[CA\] (*vjIs102*) animals. Means and standard errors are shown. Asterisks indicate significant differences from wild type: \*\* P\<0.01, \*\*\* P\<0.005 in Student\'s t-test. "n.s." indicates no significant difference between indicated groups.](pgen.1003831.g005){#pgen-1003831-g005}

UNC-2/VGCC acts downstream of PKA and mediates calcium influx in the DVB neuron {#s2e}
-------------------------------------------------------------------------------

Voltage-gated calcium channels (VGCCs) are critical for presynaptic calcium influx during regulated neurotransmitter release [@pgen.1003831-Catterall1]. *unc-2* encodes the α1 subunit of the *C. elegans* P/Q type VGCC. UNC-2 localizes to presynaptic terminals, and promotes calcium influx and neurotransmitter release [@pgen.1003831-Saheki1], [@pgen.1003831-Richmond1]. *unc-2* has been reported to be expressed in the DVB neuron, and to regulate the Exp step [@pgen.1003831-Mathews1]. Consistently, we observed the Exp step in only about 40% of the defecation cycles in *unc-2(lj1)* null mutants ([Figure 6A](#pgen-1003831-g006){ref-type="fig"}). In *unc-2* mutants expressing PKA\[CA\], the Exp step was observed in about 60% of cycles ([Figure 6A](#pgen-1003831-g006){ref-type="fig"}). The incomplete restoration of the Exp step by PKA\[CA\] is consistent with the idea that UNC-2 functions downstream of or in parallel to PKA to regulate Exp.

![*unc-2*/VGCC functions downstream of PKA to mediate calcium influx in the GABAergic neurons.\
(A) Quantification of the Exp step of young adult worms with the indicated genotypes. *vjIs103* was used for the PKA\[CA\] strain. (B) and (C) Representative trace of GCaMP3 fluorescence in the synaptic region of DVB neurons in *unc-2* mutants in normal cycles, with the Exp step (B) and incomplete cycles, without the Exp step (C). (D) Comparison of the maximal change (ΔF~max~/F~0~) of GCaMP3 fluorescence in the synaptic region of DVB neurons between the normal cycles and the incomplete cycles in *unc-2* mutants and *unc-25* mutants. *vjIs58*, the transgenic strain with GCaMP3 expressed in the DVB neuron, was used. Normal cycles: n = 22 in *unc-2(lj1)* mutants; n = 10 in *unc-25(e156)* mutants. Incomplete cycles: n = 18 in *unc-2(lj1)* mutants; n = 31 in *unc-25(e156)* mutants. Means and standard errors are shown. Asterisks indicate significant differences: \* P\<0.05, \*\*\* P\<0.0005 in Student\'s t-test.](pgen.1003831.g006){#pgen-1003831-g006}

To test whether the rhythmic calcium transients are mediated by UNC-2, we examined GCaMP3 fluorescence in synaptic regions of DVB neurons in *unc-2* mutants. Surprisingly, fluorescent transients were observed in all cycles including the normal cycles that had the Exp steps and the incomplete cycles without the Exp steps ([Figure 6B and 6C](#pgen-1003831-g006){ref-type="fig"} and [Video S7](#pgen.1003831.s011){ref-type="supplementary-material"} and [S8](#pgen.1003831.s012){ref-type="supplementary-material"}). However, there was a significant reduction in the average amplitude of fluorescent transients in the incomplete cycles (that lacked Exp, n = 18) compared to the fluorescent transients in the normal cycles (those with Exp, n = 22) ([Figure 6B, 6C and 6D](#pgen-1003831-g006){ref-type="fig"}). To determine if the reduction in fluorescence amplitude in incomplete cycles was a secondary effect of compromised Exp in these mutants, we examined fluorescence amplitudes in mutants lacking *unc-25/*GAD. We found no difference in the average amplitude between normal and incomplete cycles in *unc-25/*GAD mutants (n = 10 and 31 cycles, respectively, and [Figure 6D](#pgen-1003831-g006){ref-type="fig"}). These results indicate that UNC-2 is not absolutely required for the generation of calcium transients but rather regulates the size of calcium transients, possibly allowing them to reach the threshold required for triggering Exp.

Other non voltage-gated calcium channels may also mediate calcium influx in the DVB neuron {#s2f}
------------------------------------------------------------------------------------------

Because *unc-2* does not appear be to the only channel to mediate the calcium transients in DVB neurons for the Exp step, we next sought to identify other calcium channels that might function in this process. The *C. elegans* genome encodes two additional VGCC α1 subunits: *egl-19*, the L-type α1 subunit, and *cca-1*, the T-type α1 subunit [@pgen.1003831-Lee1], [@pgen.1003831-Steger1]. We found that loss-of-function *cca-1/*VGCC mutants had normal Exp steps, whereas loss-of-function *egl-19/*VGCC mutants displayed a modest reduction in the number of cycles with Exp ([Figure 7A](#pgen-1003831-g007){ref-type="fig"}). Interestingly, in double mutants lacking both *unc-2* and *egl-19*, the Exp step was nearly eliminated ([Figure 7B](#pgen-1003831-g007){ref-type="fig"}). Furthermore, *PKA\[CA\]; egl-19; unc-2* triple mutants had the same, severely reduced Exp frequency as the *egl-19; unc-2* double mutants ([Figure 7B](#pgen-1003831-g007){ref-type="fig"}). Thus, two VGCCs, *egl-19* and *unc-2*, function downstream of PKA to control the Exp step.

![Other non voltage-gated calcium channels are required from calcium influx in the GABAergic neurons.\
(A) and (B) Quantification of the Exp step of young adult worms with the indicated genotype types. (C) Classification of different patterns of pBoc, fluorescent spikes in DVB and Exp in worms with the indicated genotypes. *unc-2*: 40 cycles in 21 animals, *egl-19; unc-2*: 19 cycles in 11 animals, *PKA\[CA\]; egl-19; unc-2*: 24 cycles in 12 animals, PKA\[CA\]: 23 cycles in 12 animals. (D) and (E) Quantification of the duration and amplitude of regular DVB calcium spikes in worms with indicated genotypes. PKA\[CA\] represents transgenic worms with constitutively active PKA specifically expressed in GABAergic neurons (*vjIs103* in (B) and *vjIs102* in (C, D)). Note that in (C), (D) and (E), *unc-2* and PKA\[CA\] strains, but not the *egl-19; unc-2* and the PKA\[CA\]; *egl-19; unc-2* strains contain the *unc-13(s69)* mutation for immobilization, as *egl-19;unc-2* alone were almost completely paralyzed. *vjIs58*, the transgenic strain with GCaMP3 expressed in the DVB neuron, was used for the *unc-2* strain; while *vjIs64* was used for calcium imaging in other genotypes. Means and standard errors are shown. Asterisks indicate significant difference between indicated group and significant difference from wild type in (A), PKA\[CA\] in (B) and *egl-19; unc-2 mutants* in (D) and (E): \* p\<0.05; \*\*\*P\<0.005 in Student\'s t-test. "n.s." indicates no significant difference between indicated groups.](pgen.1003831.g007){#pgen-1003831-g007}

To directly test whether *egl-19/*VGCC mediates calcium influx in DVB neurons, we next examined the effects of *egl-19* mutations on GCaMP3 fluorescence in DVB neurons. We were unable to analyze calcium influx in *egl-19* mutants due to an unexpected genetic interaction between *egl-19* and *unc-13(s69)* (used to paralyze animals for imaging without stopping the defecation cycle) that suppressed the Exp defects of *egl-19* mutants (see [Materials and Methods](#s4){ref-type="sec"}). Instead, we examined calcium influx in *egl-19; unc-2* double mutants (which were sufficiently paralyzed for imaging without the *unc-13(s69)* mutation). We found that the fraction of incomplete cycles increased to 80% (from 40% in *unc-2* mutants, [Figure 7C](#pgen-1003831-g007){ref-type="fig"} and [Video S9](#pgen.1003831.s013){ref-type="supplementary-material"}). Finally, no calcium influx was observed at all in 35% of the incomplete cycles, a defect that was not observed in the *unc-2* mutants alone ([Figure 7C](#pgen-1003831-g007){ref-type="fig"} and [Video S10](#pgen.1003831.s014){ref-type="supplementary-material"}). In *egl-19; unc-2* double mutants expressing PKA\[CA\] transgenes, these defects in calcium influx were as severe as those observed in *egl-19; unc-2* mutants ([Figure 7C](#pgen-1003831-g007){ref-type="fig"}), suggesting that *egl-19* and *unc-2* function downstream of PKA to promote calcium influx into DVB.

*egl-19* and *unc-2* mutations were not able to block all effects of PKA\[CA\] transgenes, including the increased frequency of ectopic calcium transients and the increased duration of normal and ectopic calcium transients ([Figures 7D](#pgen-1003831-g007){ref-type="fig"} and [S4](#pgen.1003831.s004){ref-type="supplementary-material"} and [Video S11](#pgen.1003831.s015){ref-type="supplementary-material"} and [S12](#pgen.1003831.s016){ref-type="supplementary-material"}). In addition, the amplitude of regular calcium spikes of the incomplete cycles *in egl-19; unc-2* mutants expressing PKA\[CA\] transgenic was similar to those in PKA\[CA\] transgenic animals, but significantly larger than those observe in *egl-19; unc-2* double mutants ([Figure 7E](#pgen-1003831-g007){ref-type="fig"}). Together these results suggest that the effects of *egl-19* and *unc-2* mutations on Exp can in part be attributed to their requirement for calcium influx in DVB neurons and that additional calcium channels must act downstream of PKA to mediate calcium influx in DVB.

Discussion {#s3}
==========

In this study, we identify PKA as the major downstream target of cAMP in the NLP-40-AEX-2/GPCR peptidergic signaling pathway that functions in the GABAergic neurons to regulate the Exp step during the defecation motor program in *C. elegans*. PKA controls rhythmic activation of the GABAergic neurons by promoting presynaptic calcium influx in these neurons. We find that the mechanism by which PKA functions to promote rhythmic calcium influx is partially dependent on the P/Q-type VGCC, UNC-2 and the L-type VGCC, EGL-19. These results suggest that PKA promotes rhythmic neurotransmitter release by controlling calcium influx in neurons during a rhythmic behavior.

PKA is essential for presynaptic calcium influx in DVB neurons {#s3a}
--------------------------------------------------------------

Our results suggest that PKA functions as an essential cue for calcium influx in neurons for their activation to control rhythmic behaviors, because both calcium spikes in DVB neurons and Exp steps are abolished in most of the defecation cycles in animals expressing PKA\[DN\] transgenes ([Figure 2B, 2D](#pgen-1003831-g002){ref-type="fig"}, [4C and 4D](#pgen-1003831-g004){ref-type="fig"}). To our knowledge, this is the first in vivo example showing that PKA in neurons is absolutely required for the execution of a rhythmic behavior. In many preparations, PKA has been shown to modulate biological processes by regulating intracellular calcium concentration. One classic example is that PKA mediates the enhancement of calcium influx in cardiac myocytes to modulate the rate of heart beating in response to norepinephrine from the sympathetic nervous system [@pgen.1003831-Hell1]. In neurons, PKA also has a modulatory role in regulation of synaptic transmission and synaptic plasticity by phosphorylating several synaptic vesicle proteins that function downstream of calcium influx [@pgen.1003831-Seino1].

UNC-2 and EGL-19 mediate part of PKA-dependent calcium influx in DVB neurons {#s3b}
----------------------------------------------------------------------------

How does PKA control calcium influx in the GABAergic neurons? Our results suggest that PKA acts at least partially through UNC-2, the P/Q-type VGCC, and EGL-19, the L-type VGCC. *unc-2* has been reported to be expressed in the DVB neuron and *egl-19* is expressed in many neurons as well [@pgen.1003831-Mathews1], [@pgen.1003831-Lee1], . Our behavioral and calcium imaging analysis of *egl-19; unc-2* double mutants expressing PKA\[CA\] transgenes suggests that one or both of these channels must also function in enteric muscles to promote Exp since PKA\[CA\] can restore normal calcium spike amplitudes but it fails to restore the Exp step in *egl-19; unc-2* double mutants ([Figure 7B, 7C and 7E](#pgen-1003831-g007){ref-type="fig"}). Consistent with this idea, *egl-19* has been reported to be expressed in muscles, including some of the enteric muscles [@pgen.1003831-Lee1]. Our data indicates that other non voltage-gated calcium channels must be also required for calcium influx in DVB neurons for the Exp step, since *egl-19 and unc-2* mutations together could not completely block the calcium influx in DVB neurons or the effects of PKA\[CA\] transgenes on calcium influx ([Figure 7C, 7D and 7E](#pgen-1003831-g007){ref-type="fig"}). The identification of these channels will further our understanding of the mechanism underlying PKA-dependent calcium influx in these neurons.

PKA may regulate calcium influx either by direct phosphorylation of UNC-2 and/or EGL-19 or by an indirect mechanism involving, for example, the regulation of membrane potential. Indeed, both mechanisms have been reported. The fight-or-flight response is controlled by PKA-dependent phosphorylation of the L-type calcium channels Ca~v~1.1 and Ca~v~1.2 which mediate calcium influx in skeletal and cardiac muscles, respectively, to enhance their contraction [@pgen.1003831-Hell1], [@pgen.1003831-Emrick1]. EGL-19 does not have the homologous phosphorylation site. In pancreatic beta cells, PKA has been reported to phosphorylate ATP-sensitive potassium channels to regulate the membrane potential [@pgen.1003831-Light1]. Interestingly, the *egl-36*/Shaw type potassium channel functions in DVB to regulate the Exp step [@pgen.1003831-Johnstone1], raising the possibility that it may be a target for PKA.

Our results also show that PKA\[CA\] transgenes increases the duration of calcium spikes in DVB neurons in both wild type and *egl-19; unc-2* mutants, suggesting that PKA regulates calcium spike dynamics independently of *egl-19* and *unc-2*. PKA might regulate the open time or the inactivation of other calcium channels or reduce the rate of calcium clearance from the synaptic region in DVB neurons. Consistent with our observation, injection of the PKA catalytic subunits in cells has been reported to increase the duration of calcium currents [@pgen.1003831-Kaczmarek1]--[@pgen.1003831-Osterrieder1].

The activity of PKA in the GABAergic neurons during the defecation cycle {#s3c}
------------------------------------------------------------------------

Our previous work indicates that NLP-40 functions as the timing signal from the intestine and it delivers the timing information to the GABAergic neurons by instructing their rhythmic activation [@pgen.1003831-Wang1]. In this study, we show that the downstream effector PKA is also instructive for the activation of the GABAergic neurons, because the PKA\[CA\] transgenes can elicit ectopic calcium spikes in between cycles. The observation that ectopic calcium spikes in DVB neurons do not occur in wild type animals suggests that endogenous PKA activity in these neurons must somehow be turned down rapidly following each Exp step. Thus, we propose a model in which rhythmic activation of PKA by the NLP-40-AEX-2/GPCR peptidergic pathway stimulates rhythmic calcium influx in the GABAergic neurons to drive the Exp step. It will be interesting to directly determine whether cAMP levels and/or PKA activity oscillate in DVB neurons and whether these oscillations correspond with the calcium oscillations in vivo. Several negative feedback mechanisms following PKA activation that have been reported in other preparations may also help establish rhythmic PKA activity in DVB neurons. These include the activation of by phosphodiesterases (PDEs) that break down cAMP, calcium-mediated inhibition of adenylyl cyclases and activation of specific phosphatases that counteract PKA activity [@pgen.1003831-SassoneCorsi1], [@pgen.1003831-Wong1], [@pgen.1003831-Gancedo1]. PKA activity has been reported to be essential for the initiation of the cAMP-PKA-Ca^2+^ oscillation circuit in insulin-secreting MIN6 beta cells (Ni et al., 2010). Thus, the interplay between cAMP, PKA and calcium may be a general mechanism by which PKA generates oscillatory signaling circuits in neurons to control rhythmic behaviors.

Rhythmic PKA activation may be essential for the reliability of the Exp step during the defecation cycle, because PKA\[CA\] transgenes cannot fully restore Exp to animals that lack the NLP-40-AEX-2/GPCR peptidergic signaling pathway components ([Figure 3B](#pgen-1003831-g003){ref-type="fig"}). Similarly, constitutive *acy-1*/adenylyl cyclase expression in the GABAergic neurons also only partially rescues the Exp defects of *aex-2* mutants [@pgen.1003831-Mahoney1]. Interestingly, *gsa-1(gf)/*Gαs mutations almost fully rescue the Exp defects in *aex-2/*GPCR mutants [@pgen.1003831-Mahoney1]. Since GSA-1/Gαs functions upstream of both adenylyl cyclase and PKA, it is possible that *gsa-1(gf)* mutants retain the proper negative feedback mechanisms that allow PKA activity to remain rhythmic.

Rhythmic PKA activation may work together with other mechanisms to ensure the proper execution of the Exp step. Indeed, it has been postulated that a permissive signal may control the refractory period of enteric muscles by allowing Exp to occur only within a small window of time following the beginning of each cycle (the pBoc step) [@pgen.1003831-Mahoney1], [@pgen.1003831-Wang1]. We speculate that this permissive signal may be entrained to the pacemaker activity in the intestine, because most of the Exp steps observed in the *aex-2* mutants expressing PKA\[CA\] did not happen at random times, but rather occurred a few seconds after the pBoc step. The absence of this permissive signal in between cycles may also explain why PKA\[CA\] elicits ectopic calcium spikes in DVB neurons more frequently than ectopic Exp steps. The identification of this permissive signal or the nature of the refractory period of enteric muscles would provide more comprehensive understanding on how the rhythmic Exp is reliably generated.

Using genetically-encoded PKA transgenes to dissect the function of PKA in vivo {#s3d}
-------------------------------------------------------------------------------

In mammals, several genes encode different PKA regulatory and catalytic subunits, and each of these genes may have several different isoforms due to alternative splicing [@pgen.1003831-Skalhegg1]. Although many PKA isoforms have been knocked out and knocked in in mice to dissect the role of PKA in vivo, compensation by remaining isoforms has complicated the interpretation of these studies [@pgen.1003831-Willis1], [@pgen.1003831-Brandon1], [@pgen.1003831-Niswender1]. Unlike mammals, *C. elegans* has a single gene (*kin-2*) for the PKA regulatory subunit and a single gene (*kin-1*) for the catalytic subunit, both of which share high similarities with their counterparts in higher mammals. Thus, *C. elegans* has the potential to be a good genetic model to dissect the physiological roles of PKA. However, studies on the contribution of PKA signaling in *C. elegans* have been limited since null mutants of either *kin-1/*catalytic subunit or *kin-2/*regulatory subunit are lethal. Various strategies using weak alleles of *kin-2*, pharmacological treatments with PKA inhibitors, and RNAi-mediated knockdown, have revealed roles for PKA in regulating neurotransmitter release, axon regeneration and behaviors [@pgen.1003831-GhoshRoy1], [@pgen.1003831-Schade1], [@pgen.1003831-Murray1]. However, non-specific effects of pharmacological PKA inhibitors and spreading of RNAi limit the utility of these approaches [@pgen.1003831-Murray2], [@pgen.1003831-May1]. The ability to manipulate PKA activity in a tissue specific manner using the PKA variants developed in this study represents a powerful approach for probing the function of PKA signaling in vivo.

Materials and Methods {#s4}
=====================

Strains {#s4a}
-------

Strains were maintained at 20°C on NGM plates with *E. coli* strain OP50 as food. The Bristol strain N2 was used as reference strain. The strains used in this study: OJ1672 *cng-2(tm4267) IV*, FX05036 *cng-4/che-6 (tm5036) IV*, OJ1748 *tax-2(p671) I*, KJ5562 *tax-4(p678) III; cng-3(jh113) IV; cng-1(jh111) V*, RB830 *epac-1(ok655) III*, DG3393 *tnEx109; kin-1(ok338) I*, OJ1540 *aex-2(sa3) X*, OJ1603 *vjIs76 \[Pttx-3::RFP*, *40 ng/µl; Punc-47(FL):: kin-2a(G310D)*, *50 ng/µl\] V*, OJ1601 *vjIs77 \[Pttx-3::RFP*, *40 ng/µl; Punc-47(FL):: kin-2a(G310D)*, *50 ng/µl\] IV*, KG421 *gsa-1(ce81) I*, OJ1908 *gsa-1(ce81) I; vjIs77 IV*, OJ1854 *vjIs102 \[Pmyo-2::NLS::GFP*, *10 ng/µl; Punc-47(FL)::kin-1a(H96R*, *W205Q)*, *50 ng/µl\] V*, OJ1858 *vjIs103 \[Pmyo-2::NLS::GFP*, *10 ng/µl; Punc-47(FL)::kin-1a(H96R*, *W205Q*, *50 ng/µl)\] I*, OJ1896 *vjIs103 I; vjIs77 IV*, OJ1909 *vjIs102 V; aex-2(sa3) X*, OJ1910 *vjIs103 I; aex-2(sa3) X*, OJ680 *unc-13(s69) I*, OJ1213 *vjIs58 \[Pmyo-2::NLS::mCherry*, *10 ng/µl; Punc-47(mini)::GCaMP3*, *125 ng/µl\] IV*, OJ1443 *unc-13(s69) I; vjIS58 IV*, OJ1468 *unc-13(s69) I; vjIS58 IV; aex-2(sa3) X*, OJ1759 *unc-13(s69) I; vjIs58 IV; vjIs76 V*, OJ1859 *unc-13(s69) I; unc-25(e156) III; vjIs58 IV*, OJ1917 *unc-13(s69) I; vjIs58 IV; vjIs102 V*, OJ1526 *unc-2(lj1) X*; OJ1899 *vjIs103 I; unc-2(lj1) X*; OJ1919 *unc-13(s69) I; vjIs58 IV; unc-2(lj1) X*, JD21 *cca-1(ad1650) X*, OJ1911 *egl-19(n582) IV*, OJ1925 *egl-19(n582) IV; unc-2(lj1) X*, OJ1924 *vjIs103 I; egl-19(n582) IV; unc-2(lj1) X*, OJ1351 *vjIs64 \[Pmyo-2::NLS::mCherry*, *10 ng/µl; Punc-47(mini)::GCaMP3*, *125 ng/µl\] II*, OJ1905 *unc-13(s69) I; vjIs64 II*, OJ1918 *vjIs64 II; egl-19(n582) IV; unc-2(lj1) X*, OJ1923 *unc-13(s69) I; vjIs64 II; vjIs102 V*, OJ1949 *vjIs64 II; egl-19(n582) IV; vjIs102 V; unc-2(lj1) X*, OJ794 *nlp-40(tm4085) I*, OJ1524 *kin-2(ce179) X*, OJ1525 *nlp-40(tm4085) I; kin-2(ce179) X*, OJ1855 *nlp-40(tm4085) I; vjIs102 V*, OJ1856 *nlp-40(tm4085) vjIs103 I*.

*cng-2(tm4267)* mutants contain a 330 bp deletion and a single nucleotide (g) insertion ([www.wormbase.org](http://www.wormbase.org)), which is predicted to generate a frame shift that truncates CNG-2 at the C-terminus. *cng-2(tm4267)* was originally reported to be sterile and lethal (Mitani Lab). However, we found that after outcross *cng-2(tm4267)* mutants were viable.

Behavioral assay for the defecation motor program {#s4b}
-------------------------------------------------

The defecation motor program was analyzed as previously described [@pgen.1003831-Thomas1], [@pgen.1003831-Liu1]. Briefly, L4 stage hermaphrodites were transferred to a new plate. After about 20--24 hours, each worm was transferred to a fresh NMG plate and let to settle down for at least five minutes. Ten consecutive defecation cycles were scored for each worm using the Etho program software (<http://depts.washington.edu/jtlab/software/otherSoftware.html>) [@pgen.1003831-Liu1]. Only the pBoc and the Exp steps were scored, omitting the aBoc step. 8--10 worms were assayed for each genotype. "Exp per cycle" for each worm was calculated as the ratio of Exp over pBoc. The results were present as mean ± sem for each genotype. Unpaired two-tail Student\'s t-test with unequal variance was used to examine the significant difference between two different genotypes.

Molecular biology {#s4c}
-----------------

The backbone of the plasmids constructed below was pPD49.26 (A. Fire).

P*unc-47(FL)*, the 1444 bp full length *unc-47* promoter, which was expressed in all GABAergic neurons in *C. elegans* [@pgen.1003831-Mahoney1], was amplified from N2 genomic DNA using 5′ primer: ccccccGCATGCatgttgtcatcacttcaaactt and 3′ primer ccccccGGATCCctgtaatgaaataaatgtgacgctg. The PCR product was partially digested with SphI and BamHI, and cloned into the MCSI of a derivative plasmid of pPD49.26.

P*unc-47(mini)*, the 215 bp *unc-47* mini promoter, which was only expressed in a subset of GABAergic neurons (4 RME, RIS, AVL and DVB neurons) [@pgen.1003831-Eastman1], was amplified from N2 genomic DNA with 5′ primer ccccccGCATGCCTGCAGctttcggtttggagagtag and 3′ primer ccccccGGATCCctgtaatgaaataaatgtgacgctg. The PCR product was digested with SphI and BamHI, and cloned into the MCSI of a derivative plasmid of pPD49.26 (with AsiSI and NotI inserted between the NheI and KpnI in MCS II).

GCaMP3 (1353 bp), the genetically-encoded calcium indicator [@pgen.1003831-Tian1], was cloned from a plasmid with GCaMP3 sequence (a gift from Robert Chow, USC) by PCR with 5′ primer ccccccGCGATCGCAAAAatgggttctcatcatcatcatc and 3′ primer ccccccGCGGCCGCttacttcgctgtcatcatttg. The PCR product was digested with AsiSI and NotI, and was cloned into a derivative of pPD49.26 that had *unc-47* mini promoter in MCS I and had AsiSI and NotI sites inserted between NheI and KpnI in MCS II to generate the plasmid pHW100: P*unc-47(mini)*::GCaMP3.

The wild type cDNA of *kin-2a* (1101 bp) was cloned from an N2 cDNA library (synthesized using NEB Protoscript RT-PCR kit) with 5′ primer ccccccGCTAGCAAAAatgtcgggtggaaacgaagag and 3′ primer ccccccGGTACCttaggtcatcagtttgacgtatgag. The Gly310 residue in KIN-2a was corresponding to the Gly324 residue in the site B of the mouse PKA regulatory subunit that will generate dominate negative PKA when it is mutated to Asp [@pgen.1003831-Correll1]. The *kin-2a* (G310D) variant was generated by two-step overlapping PCR using the following primers: pair 1 (5′ primer ccccccGCTAGCAAAAatgtcgggtggaaacgaagag and 3′ primer gaagaagagcgatttcGTcgaaatagtccgacattccaag and pair 2 (5′ primer cttggaatgtcggactatttcgACgaaatcgctcttcttc and 3′ primer ccccccGGTACCttaggtcatcagtttgacgtatgag).The final overlapping PCR product was digested with NheI and KpnI, and then cloned into the MCS II in a derivative plasmid from pPD49.26 that contained the *unc-47* full length promoter in MCS I to generate the plasmid pHW154: P*unc-47(FL)*::*kin-2a*(G310D).

The wild type cDNA of *kin-1*a (1080 bp) was cloned from N2 cDNA library with 5′ primer ccccccGCTAGCAAAAatgctcaagtttctgaaacc and 3′ primer ccccccGGTACCttaaaactcggcaaactctttg. The His96 and Trp205 residues in KIN-1a are corresponding to the His87 and Trp196 in the mouse PKA catalytic subunits which would generate constitutively active PKA when they are mutated to Gln and Arg, respectively [@pgen.1003831-Orellana1]. The KIN-1a (H96R, W205Q) variant was created by two-step overlapping PCR using the following primers: pair 1(5′ primer ccccccgctagcAAAAatgctcaagtttctgaaacc and 3′ primer gaatgcgcttttcgttcaacgtTtgctccacttgcttgagttttac), pair 2(5′ primer gtaaaactcaagcaagtggagcaAacgttgaacgaaaagcgcattc and 3′ primer tctggtgtgccgcacaatgtccTcgttcgtcctttgacacgtttc) and pair 3(5′ primer gaaacgtgtcaaaggacgaacgAggacattgtgcggcacaccaga and 3′ primer ccccccGGTACCttaaaactcggcaaactctttg).The final overlapping PCR product was digested with NheI and KpnI, was cloned into the MCS II in a derivative plasmid from pPD49.26 that contained the *unc-47* full length promoter in MCS I to generate the plasmid pHW173: P*unc-47*(FL)::*kin-1a*(H96R, W205Q).

Sequencing was performed to confirm the mutations *kin-2a*(G310D) and *kin-1a*(H96R, W205Q) in the pHW154 and pHW173, respectively.

Generation of transgenic animals {#s4d}
--------------------------------

Microinjection of expression plasmids into the gonad of *C. elegans* was performed to generate transgenic animals with extrachromosomal arrays, according to the standard procedure [@pgen.1003831-Mello1]. Generally, total DNA concentration of the injection solution was 100 ng/µl (using the plasmid pBluescript to fill up if needed). The extrachromosomal arrays were integrated into the genome to generate stable transgenic worms using UV irradiation. The integrated transgenic lines were outcrossed at least 6 times.

The plasmid pHW154 (P*unc-47(FL)*::*kin-2a*(G310D)) was injected at 50 ng/µl, together with the co-injection marker plasmid KP708 (P*ttx-3*::RFP) at 40 ng/µl to generate the array *vjEx582* \[P*ttx-3::RFP*, 40 ng/µl; P*unc-47(FL)*:: *kin-2a*(G310D), 50 ng/µl\]. This array was integrated into genome to generate the PKA\[DN\] transgenic strains (*vjIs76* and *vjIs77*) with dominant negative PKA specifically expressed in GABAergic neurons.

The plasmid pHW173 (P*unc-47*(FL)::*kin-1a*(H96R, W205Q)) was injected at 50/µl, together with the co-injection maker KP1106 (P*myo-2*::NLS::GFP) at 10 ng/µl to generate the array *vjEx709* \[P*myo-2*::NLS::mCherry, 10 ng/µl; P*unc-47(FL)*:: *kin-1a*(H96R, W205Q), 50 ng/µl\]. This extrachomosomal array was integrated into genome to generate the PKA\[CA\] transgenic strains (*vjIs102* and *vjIs103*) with constitutively active PKA specifically expressed in GABAergic neurons.

The plasmid pHW100 (P*unc-47(mini)*::GCaMP3) was injected at 125 ng/µl, together with co-injection marker plasmid KP1368 (P*myo-2*::NLS::mCherry) at 10 ng/µl to generate the array *vjEx429* \[P*myo-2*::NLS::mCherry,10 ng/µl; P*unc-47(mini)*::GCaMP3,125 ng/µl\]. This array was integrated into genome to generate transgenic strains *vjIs58* and *vjIs64*, which expressed GCaMP3 in AVL and DVB neurons.

In vivo calcium imaging {#s4e}
-----------------------

The calcium imaging experiment was performed as previously described [@pgen.1003831-Wang1]. We used two independent transgenic strains (*vjIs58* and *vjIs64*) with AVL and DVB neurons expressing GCaMP3 to perform in vivo calcium imaging on DVB neurons. Both strains had normal Exp steps (data not shown). Although *unc-13(s69)* mutants had a longer cycle length (78.5±11.4 s, mean ±SD, n = 8), they were also most completely paralyzed and still had normal Exp steps [@pgen.1003831-Wang1]. Thus, *unc-13(s69)* mutation was included in all strains to immobilize animals for calcium imaging, except for those strains with *elg-19(n582);unc-2(lj1)* double mutations, because the *elg-19(n582);unc-2(lj1)* double mutants were almost completely paralyzed. Young adult worms were transferred to NGM-agarose plate seeded with the food OP50. These agarose plates were topped with cover slides and imaged under a Nikon eclipse 90i microscope equipped with a Nikon Plan Apo 40× oil objective (N.A. = 1.0), a standard GFP filter and a Photometrics Coolsnap ES^2^ camera. Only those worms kept continuous pumping and positioned laterally with the left side pointing to the objective were selected for imaging. Time lapse imaging was obtained using Metamorph 7.0 software (Universal Imaging). Each worm was recorded for 250 s at 4 frames per second (3×3 binning, exposure time ranging from 5 ms to 80 ms dependent on the baseline GCaMP3 fluorescence in DVB neuron in each individual worm). Unlike DVB, AVL neuron is located in the head, so we could not routinely perform the calcium imaging on AVL and observe the Exp step in the same field. However, during some experiments, we did observe that AVL fired at the same time as DVB in coiled worms in which we could see AVL and Exp in the same field.

The quantification of the GCaMP3 fluorescence intensity in the synaptic region of DVB neurons using Metamorph 7.0 software (Universal Imaging) was performed as previously described [@pgen.1003831-Wang1]. The synaptic region of DVB neurons was manually selected as region of interest (ROI) and the average of the GCaMP3 fluorescence intensity for each frame was recorded. Meanwhile, a similar area near the tail region was used as background fluorescence for each frame. The GCaMP3 fluorescence (F) was defined as the (ROI - background). The average of the GCaMP3 fluorescence in the first 10 frames was used as baseline fluorescence F~0~. For each frame, the change of the GCaMP3 was presented as ΔF/F~0~ = (F-F~0~)/F~0~. The duration of each calcium spike was defined as the time differences between the first frame in which the GCaMP3 fluorescence increased and the frame where the GCaMP3.0 fluorescence returned the baseline. Ectopic calcium spikes describe those calcium spikes that did not happen within 10 seconds after pBoc.

Supporting Information {#s5}
======================

###### 

Alignment of *C. elegans* PKA regulatory subunit (KIN-2a) with mouse PKA regulatory subunit (RIα). KIN-2a is well conserved. Pink color indicates identity and green color represents similarity. The positions for site A and site B, where cAMP binds, are indicated by black rectangles. The asterisk "\*" indicates the Glycine residue in KIN-2a (G310), which was substituted by Aspartic acid (G310D) to make dominant negative PKA (PKA\[DN\]).

(TIF)

###### 

Click here for additional data file.

###### 

Alignment of *C. elegans* PKA catalytic subunit (KIN-1a) with mouse PKA catalytic subunit (Cα). KIN-1a is well conserved. Pink color indicates identity and green color represents similarity. The two asterisks "\*" represent the Histidine and the Tryptophan residues in KIN-1a (H96, W205), which were substituted by Glutamine (H96Q) and Arginine (W205R), respectively, to make constitutively active PKA (PKA\[CA\]).

(TIF)

###### 

Click here for additional data file.

###### 

Constitutively active PKA specifically in GABAergic neurons mimics *kin-2(lf)* mutants. Quantification of the Exp step of young adult worms with the indicated genotypes. *kin-2(lf)* denotes the loss-function allele of PKA regulatory subunit, *kin-2(ce179)*. PKA\[CA\] denotes PKA constitutively active transgenic worms (*vjIs102* and *vjIs103*) expressing the mutated catalytic subunit *kin-1a*(H96Q, W205R) in GABAergic neurons using the *unc-47* full length promoter. The null mutants, *nlp-40(tm4085)*, were used. Means and standard errors are shown. Asterisks indicate significant differences from *nlp-40* mutants: \* P\<0.05, \*\* P\<0.01 in Student\'s t-test.

(TIF)

###### 

Click here for additional data file.

###### 

EGL-19 and UNC-2 do not completely block ectopic calcium spikes in DVB neurons induced by constitutively active PKA. (A) Average frequency of ectopic calcium spikes in DVB neurons during a 250-second imaging period in *egl-19; unc-2* (0.0±0.00 events per 250 seconds, n = 11 animals), *PKA\[CA\]; egl-19; unc-2* (1.3±0.55 events per 250 seconds, n = 12 animals) and *PKA\[CA\]* (2.5±0.57 events per 250 seconds, n = 12 animals). (B) and (C) Quantification of the duration and amplitude of ectopic DVB calcium spikes in worms with indicated genotypes. *vjIs64*, a transgenic strain with GCaMP3 expressed in DVB neuron was used for calcium imaging. PKA\[CA\] represents transgenic worms with constitutively active PKA specifically expressed in GABAergic neurons (*vjIs102*). Means and standard errors are shown. Asterisks indicate significant difference from *egl-19; unc-2* mutants in (A) and between indicated groups in (C): \*, P\<0.05; \*\*\*, p\<0.005 in Student\'s t-test. "n.s." indicates no significant difference between indicated groups.

(TIF)

###### 

Click here for additional data file.

###### 

Real time calcium imaging in the DVB neuron of wild type. The strain *unc-13(s69); vjIs58* was used as wild type, since *unc-13(s69)* mutants are almost paralyzed but still have normal Exp steps. *vjIs58* is an integrated transgene in which GCaMP3 is expressed in DVB neurons. One representative defecation cycle is shown. A calcium spike in the synaptic region of the DVB neuron was observed immediately before the Exp step.

(MOV)

###### 

Click here for additional data file.

###### 

Real time calcium imaging in the DVB neuron of *aex-2* mutants. *unc-13(s69); vjIs58; aex-2(sa3)* was used. One representative defecation cycle is shown. No calcium spike in the synaptic region of the DVB neuron and no Exp were observed following the pBoc.

(MOV)

###### 

Click here for additional data file.

###### 

Real time calcium imaging in the DVB neuron of *unc-25* mutants. The strain *unc-13(s69); unc-25(e156); vjIs58* was used. One representative defecation cycle is shown. A calcium spike in the synaptic region of the DVB neuron, but no Exp was observed following the pBoc.

(MOV)

###### 

Click here for additional data file.

###### 

Real time calcium imaging in the DVB neuron of PKA\[DN\] transgenic animals. The strain *unc-13(s69); vjIs58; vjIs76* was used. *vjIs76* is an integrated transgene with PKA\[DN\] specifically expressed in GABAergic neurons. One representative defecation cycle is shown. No calcium spike in the synaptic region of the DVB neuron and no Exp were observed following the pBoc.

(MOV)

###### 

Click here for additional data file.

###### 

Regular calcium spike in the DVB neuron of PKA\[CA\] transgenic animals. The strain *unc-13(s69); vjIs58; vjIs102* was used. *vjIs102* is an integrated transgene with PKA\[CA\] specifically expressed in GABAergic neurons. One representative defecation cycle is shown. A calcium spike in the synaptic region of the DVB neuron was observed immediately before the Exp step. The duration of the calcium influx was increased.

(MOV)

###### 

Click here for additional data file.

###### 

Ectopic calcium spike in DVB neuron of PKA\[CA\] transgenic animals. The strain *unc-13(s69); vjIs58; vjIs102* was used. *vjIs102* is an integrated transgene with PKA\[CA\] specifically expressed in GABAergic neurons. One representative ectopic calcium spike is shown. An ectopic calcium spike in the synaptic region of the DVB neuron was observed in between cycles. Generally, the ectopic calcium spikes did not produce ectopic Exp. The duration of the calcium influx was increased.

(MOV)

###### 

Click here for additional data file.

###### 

Real time calcium imaging in the DVB neuron of *unc-2* mutants in normal cycles. The strain *unc-13(s69); vjIs58; unc-2(lj1)* was used. One representative normal defecation cycle is shown. A calcium spike in the synaptic region of the DVB neuron was observed immediately before the Exp step.

(MOV)

###### 

Click here for additional data file.

###### 

Real time calcium imaging in the DVB neuron of *unc-2* mutants in incomplete cycles. The strain *unc-13(s69); vjIs58; unc-2(lj1)* was used. One representative incomplete defecation cycle is shown. A weak calcium spike in the synaptic region of the DVB neuron, but no Exp was observed.

(MOV)

###### 

Click here for additional data file.

###### 

Real time calcium imaging in the DVB neuron of *egl-19; unc-2* mutants in incomplete cycles. The strain *vjIs64; egl-19(n582); unc-2(lj1)* was used. *vjIs64* is an integrated transgene with GCaMP3 expressed in DVB neurons. One representative incomplete defecation cycle is shown. A weak calcium spike in the synaptic region of the DVB neuron but no Exp was observed following pBoc.

(MOV)

###### 

Click here for additional data file.

###### 

Real time calcium imaging in the DVB neuron of *egl-19; unc-2* mutants in incomplete cycles. The strain *vjIs64; egl-19(n582); unc-2(lj1)* was used. One representative incomplete defecation cycle without calcium spike is shown. No calcium spike in the synaptic region of the DVB neuron and no Exp were observed following pBoc.

(MOV)

###### 

Click here for additional data file.

###### 

Regular calcium spike in the DVB neuron of *PKA\[CA\];egl-19;unc-2* animals. The strain *vjIs64; egl-19(n582); vjIs102; unc-2(lj1)* was used. *vjIs102* is an integrated transgene with PKA\[CA\] specifically expressed in GABAergic neurons. One representative incomplete defecation cycle was shown. A calcium spike in the synaptic region of the DVB neuron but no Exp was observed following pBoc. The duration of the calcium spike increased.

(MOV)

###### 

Click here for additional data file.

###### 

Ectopic calcium spike in the DVB neuron of *PKA\[CA\];egl-19;unc-2* animals. The strain *vjIs64; egl-19(n582); vjIs102; unc-2(lj1)* was used. *vjIs102* is an integrated transgene with PKA\[CA\] specifically expressed in GABAergic neurons. One representative ectopic calcium spike was shown. An ectopic calcium spike in the synaptic region of the DVB neuron was observed in between cycles. Generally, the ectopic calcium spikes did not produce ectopic Exp. The duration of the calcium spike increased.

(MOV)

###### 

Click here for additional data file.
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